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Sol-gel barium strontium titanate thin films with different barium-to-strontium (Ba:Sr) values have been
fabricated as MFM configurations. The Perovskite phase for the films is confirmed via XRD. In order to
correlate the effect of the chemical composition of the films with the conduction mechanism, different AC
electrical parameters have been addressed. The results show that the impedance and dielectric constant
decrease as Ba content in the film increases, whereas the conductivity shows the opposite variation;
this is attributed to the grain size and dipole dynamics. Complex impedance (Z*) and electric modulus

'ég:vrgirf: (M*) planes show three overlapping regions as the response for the bulk, the grain boundaries and the
Thin films film/electrode interface mechanisms. These mechanisms have been represented by an equivalent circuit.

The imaginary component of electric modulus (M”) versus frequency plots, which reveal relaxation peaks
that are not observed in the dielectric loss (¢”) plots, and it is found that these peaks are of a non-
Debye-type. Furthermore, the frequency dependent conductivity plot shows three regions of conduction

Sol-gel processes
Dielectric response
Conduction mechanism

Electrochemical impedance spectroscopy processes.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Ferroelectric barium strontium titanate (Baj_,SrxTiO3) or BST,
has been widely investigated in thin film form for microelec-
tronic applications, such as multilayer ceramic capacitors, dynamic
random access memories (DRAM) and ferroelectric field effect tran-
sistor (FeFET), due to its low-cost synthesis, high dielectric constant
and relatively low dielectric loss tangent [1,2].

Barium-to-strontium (Ba:Sr) ratio in BST thin films plays a sig-
nificant role at the microstructure and electrical properties. The
Curie temperature of BST thin films varies through a long range of
values depending on the Ba:Sr ratio [3], which in turn controls the
phase of the film, i.e., to be in ferroelectric (with tetragonal lattice)
or paraelectric (with cubic lattice) phase. Furthermore, the size of
BST grains is directly related to the Ba:Sr ratio, as Ba ions increase
in the lattice the grain size increases [4,5], however, the grain size
is directly related to the grain boundaries area [6]; as a result, the
electrical properties of the material change.

The grain boundaries have an essential role in the conduction
mechanism and relaxation phenomenon of the material, thus it
is necessary to separate the conductivity due to grain boundaries
from that of the bulk [7]. A combination of complex impedance and
electric modulus planes has been found to be a powerful method
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to study many of the electrical properties of the materials and the
contribution of the bulk, grain boundaries and electrode interface
regions on the dielectric relaxation phenomenon [8]. Furthermore,
the frequency dependent conductivity and permittivity studies
provide information about the ionic transport mechanism of the
materials.

Relatively few studies employ impedance spectroscopy to study
BST in thin film form. Czekaj et al. reported the impedance behavior
of homogeneous Bag gSry 4TiO3 and inhomogeneous BST thin films
on stainless steel substrate [9]. Agarwal et al. studied the electrical
conduction of BST in MIS structure under humid conditions [10].
In this work, sol-gel BST thin films with different Ba:Sr ratios are
fabricated in a metal-ferroelectric-metal (MFM) configuration. In
order to correlate the effect of the chemical composition of the films
with the conduction mechanism, AC electrical parameters such
as impedance, electric modulus, permittivity and AC conductivity
have been addressed.

2. Experimental

Three solutions with proportions of Ba:Sr (50:50, 70:30 and 80:20) were pre-
pared using barium acetate, strontium acetate and titanium (IV) isopropoxide as
the starting material, the preparation details for the solutions can be found else-
where [4]. The solutions were consecutively named as BST50, BST30 and BST20.
The solutions were deposited on Pt/SiO,/Si substrate of an area of 1.5 cm x 2 cm via
spin-coater at 5000 rpm for 20, followed by baking at 200 °C for 20 min and heat-
ing at 500 °C for 30 min in order to vaporize the organic solvent. The deposition and
heating processes were repeated until a specific thickness was obtained. Finally,
the films were annealed at 800°C for 1 h in an O, atmosphere. In order to measure
the film thickness, the films were partially dipped in diluted hydrofluoric acid (HF)
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Fig. 1. XRD patterns for various Ba:Sr ratio.

and the resulting step-profile thickness measured with a profilometer. The average
thickness of the films is 400 nm.

The crystallization of the films was determined using an X-ray diffractome-
ter (XRD) with a CuKa radiation source (A =1.54A), operated at a voltage of 40kV
and a current of 40 mA. For impedance measurement, dots of Al with an area of
7.85 x 1073 cm? were deposited on top of the film as the top electrode using a
shadow mask via a physical vapor deposition (PVD) technique. The impedance
measurements were performed using an impedance gain/phase analyzer (Solartron
1260) in the frequency range of 1 Hz to 1 MHz at room temperature.

3. Results and discussion
3.1. XRD analysis

The XRD patterns of BST50, BST30 and BST20 films, annealed
at 800°C for 1h are shown in Fig. 1. It can be observed from the
figure that the diffraction peaks are (100), (110), (111), (200),
(210) and (21 1) within the 26 range from 20° to 60°, which con-
firms that the films are crystallized with a Perovskite structure. The
measured lattice parameters of the samples are listed in Table 1.
It is observed that the lattice parameters decrease with increas-
ing strontium content; this is attributed to the fact that the ionic
radius of Sr is smaller than that of Ba. Table 1 shows that the lattice
constants for BST50 are equal, which reveals that it has a simple
cubic structure, whereas, for BST30 and BST20 films, the c-axis
lattice constant is larger than the a-axis lattice constant. This sug-
gests that the crystal structure for these films is tetragonal at room
temperature.

3.2. Electrical measurements

The variation of the real (Z') and imaginary (Z”) components
of impedance with frequency for the films used in this work is
shown in Fig. 2(a) and (b), respectively. Fig. 2(a) shows that Z
values decrease with increasing frequency for all BST thin films.
Furthermore, it is observed that the values of Z' decrease as the
Ba content increases, which is attributed to the grain size effect.
The variation of Z” with frequency reveals a relaxation peak for

Table 1
Lattice parameters of BST50, BST30 and BST20 films.

Sample a(A) c(A) cla Structure phase
BST50 3.9471 3.9471 1 Simple cubic
BST30 3.9771 3.9883 1.003 Tetragonal
BST20 3.9785 4.0173 1.0098 Tetragonal
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Fig.2. Variation of real (a) and (b) imaginary components of impedance as a function
of frequency for various Ba:Sr ratio at room temperature.

all BST thin films in the low frequency region; the maximal peak
(Zjax) decreases and shifts toward lower frequencies as the Ba con-
tent increases. The decreases in Z};,, indicate that the conductivity
of the films increases, whereas the shifting indicates that as the
Ba content increases the relaxation time increases. Prabakar et al.
suggested that as the peak shifts to higher frequencies, the mea-
sured impedance will equal the static impedance [7]. Furthermore,
Fig. 2(b) shows a discontinuity in the Z” variation at ~2 x 102 Hz for
all BST thin films, this attributed to the existence of two different
regions in Z’; these regions reveal that different polarization mech-
anisms occur within BST thin films. In order to further investigate
the relaxation mechanisms in BST films, Nyquist plots (Z” versus Z')
are used.
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Fig. 3. Nyquist plots for various Ba:Sr ratio at room temperature.
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Fig. 4. Electric modulus complex plane for various Ba:Sr ratio at room temperature.

Fig. 3 shows that the complex impedance (Z*) plane for all BST
thin films possesses two regions, which indicates that different
polarization mechanisms exist within the films. At high frequen-
cies, the figure shows a semicircular arc, which is attributed to
the electrical properties of a parallel combination of bulk resis-
tance and capacitance of the BST thin films. At intermediate and
low frequencies, the complex impedance plot for all ratios shows
two overlapped semicircular arcs, which is attributed to the dis-
tribution of the grain boundaries and the film/electrode interface
mechanisms, respectively. The overlapping of these arcs suggests
distributions of various relaxation times from various grain bound-
aries and film/electrode interfaces of the BST films.

From Figs. 2 and 3 it can be observed that the total impedance
of the films decreases as Sr content decreases. The increment in
the bulk and grain boundaries resistance is attributed to the con-
duction mechanism at the grain-grain boundaries. During the heat
treatment for the films in an oxygen atmosphere, oxygen atoms
accumulate at the interfaces, creating many electron traps at the
grain boundary surfaces [11], as a result, the interfaces trap elec-
trons from the adjacent grains. These electrons cross over the grain
barrier and flow into the grain boundary layers, filling the traps
first, and then accumulating at the grain boundary interfaces, form-
ing spatial charges [11,12]. However, as the grain size decreases,
the number of charge carriers reduces due to the continued elec-
tron loss to the grain boundaries. On the other hand, a previous
study shows that the grain size of BST increases as the Ba con-
tent increases [4,5]. Which indicates that BST50 in this work has
the smallest grains; therefore, BST50 has the highest bulk resis-
tance. Furthermore, as the grain size decreases the area of the grain
boundaries and electrode interfaces increase, and this leads to an
increase in the grain boundaries-electrode resistance due to the
increase of the spatial charge density.

In order to resolve the overlapping of the polarization mecha-
nisms for the bulk, grain boundaries, and film/electrode interface
in the Nyquist plots, the electric modulus planes of the tested films
over the same frequency range are plotted in Fig. 4. The M* plot
for all the films show a minor up-turn at high frequencies, which
can be attributed to the bulk due to the frequency range and it
appears in the Nyquist plot as a semicircular arc. Further increments
in frequency are not possible due to hardware limits. However, at
low and intermediate frequencies, BST50 shows two overlapped
semicircular arcs, which confirms that the Z* plot for BST50 in this
range of frequencies consists of two overlapping regions, whereas
BST30 and BST20 films show an arc and a semicircle overlapping
together; these features are attributed to the film/electrode inter-
face and grain boundaries, respectively. The well distinguishable
regions for BST30 and BST20 could be attributed to the permanent
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Fig. 5. (a) Suggested equivalent circuit and (b) fitting curve for the BST20 film (the
subscripts 1, 2, and 3 represent the bulk, grain boundaries, and electrode, respec-
tively).

dipoles existing in their lattice, since these films are crystallized
with a tetragonal structure as was discussed in the XRD subsec-
tion. Whereas, the BST50 lattice lacks this kind of dipole since it is
crystallized with a cubic structure.

In order to analyze and interpret the impedance spectrum, it
is useful to have an equivalent circuit model that provides a real-
istic representation of the electrical properties of the respective
regions; therefore, each semicircle is represented by a parallel RC
element [9,13]. However, it is observed that the measured capac-
itance response of BST in the whole frequency range is not ideal,
i.e., BST does not behave as a pure capacitor; this can be attributed
to the distribution of the various relaxation times. This deviation is
solved by using a constant-phase element (CPE) instead of an ideal
capacitor; the impedance of the CPE is given by [14]

(1)

1
Zcpg = AGo)
where A is a fitting parameter that is independent of frequency, @
is the angular frequency, and n is the arc depression factor. In the
ideal case where n=1, the CPE works as an ideal capacitor and A in
this case will equal the capacitance C [9].

Depending on the Z* and M* planes, an equivalent circuit com-
posed of three parallel combinations of resistance (R) and constant
phase element (CPE) is suggested, as shown in Fig. 5. The bulk,
grain boundaries and electrode effects are represented by the paral-
lel R{-CPE4, R,-CPE; and R3-CPE3 combinations, respectively. The
fitting was performed using Zview impedance analysis software
(Scriber Associates, Inc.), for the fitting of the weighted data that
used ‘calc-Modulus’, which gives a good fit due to each data point
being weighted by its normalized magnitude [14]. The value of the
bulk, grain boundaries or electrode resistance (R) in the equivalent
circuit is obtained from the fitting of the impedance data. The value
of the relaxation frequency (fmax ) and capacitance (C) are calculated
using the following relations [9]:

1

- 2
277(RA)/" (2)

fmax =



A.A. Saif, P. Poopalan / Journal of Alloys and Compounds 509 (2011) 7210-7215 7213

Table 2
The estimated values of the equivalent circuits’ parameters.
Parameter BST50 BST30 BST20
Ry (2) 43,900 11,900 9600
Ci (F) 227 x107° 1.8x10°8 484 %1078
fimax (Hz) 1600 742 343
Ry (R2) 320,000 248,000 160,000
G (F) 3.8x10°° 6.13x107° 1.1x10°8
fomax (Hz) 131 104.7 90
R3 (R2) 150,000 98,000 82,000
Cs (F) 1.65x 1078 478 x 1078 3.8x10°8
Fzmax (Hz) 64.5 34 51.2
1
C= o (3)
27Rfmax

where fimax is the relaxation frequency and C is the capacitance of
the bulk, grain boundaries or electrode. The fitted values of the
equivalent circuits’ parameters are listed in Table 2. From the table
it can be observed that the bulk resistance is much less than the
grain boundary resistance, which indicates that the bulk has a
more important effect on the conduction mechanism than the grain
boundaries, in agreement with the results obtained in Fig. 3.

The study of the dielectric properties is another important
source of valuable information about conduction processes since
it can be used to understand the origin of the dielectric losses,
the electrical and dipolar relaxation time [15]. For this matter, the
dielectric permittivity was determined from the measured values
of the impedance using the following relations [16]:

-7 N iy
(2% +27%)wCy (2% + 7)o

where (Cj is the capacitance in the free space.

Fig. 6(a) shows the frequency dependent plots of the real part
of the dielectric constant (&’) for various Ba:Sr ratio films at room
temperature. It is observed that the value of ¢’ for all Ba:Sr ratios
decreases as the frequency increases and attains a constant lim-
iting value, at which ¢ becomes almost frequency-independent.
The high value of the dielectric constant at low frequencies can be
explained as an accumulation of charges at the interfaces between
the sample and the electrodes, i.e., Maxwell-Wagner polarization
and interfacial polarization [17]. As the frequency increases, the
dipoles in the samples cannot reorient themselves fast enough to
respond to the applied electric field resulting in the decrease of ¢’.

On the other hand, at higher frequencies, it has been observed
that the ¢’ value increases as the Ba content decreases, which is
attributed to the decrease in the grain size. Depending on the results
obtained from our previous work [4,5], the films contain lower
amounts of Ba, and they have a smaller grain size, which implies a
larger grain boundary area. However, it can be considered that the
grains and the grain boundaries act as an interior capacitors net-
work, since the grains are more conductive compared to the grain
boundaries, as can be observed from the fitted value of Z* planes
in Table 2. This implies that the effective capacitance of the film
increases as the grain size decreases, due to the increase of the
grain boundaries area. As a result, the overall dielectric constant of
the film increases with the decrease in the grain size.

Fig. 6(b) shows the frequency dependence of the imaginary part
of the dielectric constant (dielectric loss) ¢” for the tested films at
room temperature. The same feature for dielectric loss is observed
as for the dielectric constant. There are no appreciable relaxation
peaks in the frequency range employed in this study. It is believed
that the ionic conduction may mask any relaxation mechanism.

The variation of loss tangent (tand=¢"/¢e’), as a function of fre-
quency, is given in Fig. 7. The figure shows a kink at ~60Hz for
all BST thin films; this kink separates the polarization mechanism
occurring due to the electrode effect from the grain boundaries
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Fig. 6. Variation of (a) ¢’ and (b) &” versus frequency for various Ba:Sr ratio at room
temperature.

mechanism, which is not noticeable in the ¢” or ¢’ plots. However,
it is observed that the dispersion process occurring due to the elec-
trode mechanism is stronger than the one resulting from the grain
boundaries. A broad peak in BST30 and BST20 is observed. This kind
of peak occurs when the hopping frequency of electric charge car-
riers becomes approximately equal to that of the external applied
AC electric field [18], however, this peak becomes more noticeable
and shifts toward lower frequencies as the Ba content increases.
This could be attributed to the increase of the grain size and dipoles
presence.
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Fig. 7. Variation of the tan§ versus frequency for various Ba:Sr ratio at room tem-
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In order to reveal the relaxation peak in the &” plot, the effect of
the electrode polarization must be excluded. This can be achieved
by following the electric modulus approach, since the electric mod-
ulus corresponds to the relaxation on the electric field in the
material when the electric displacement remains constant. This
approach can be effectively used to separate out the electrode
effects that mask the dielectric relaxation.

Fig. 8 shows the variation of the imaginary component of the
electric modulus M” with frequency. It can be seen that M” for the
BST50 film shows a broad peak located in the range of ~50Hz to
1 kHz; this widening of the peak could be resulting from two over-
lapped peaks, i.e., the electrode and grain boundaries. Whereas,
in BST30 and BST20, M” shows a low and unclear peak at a low
frequency of ~70Hz, attributed to the electrode effect. However,
the grain boundaries peak, which is not well defined for BST50,
is transformed to a dominant peak of ~6.4kHz for these films,
which explains the well-defined semicircle observed at interme-
diate frequencies in the M* plot. The frequency region below the
peak maximum of M” determines the range in which the charge
carriers are mobile over long distances and in the region above the
peak maximum the carriers are confined to potential wells being
mobile over short distances [19].

The modulus plot can be characterized by full width at
half height or in terms of a non-exponential decay function.
The stretched exponential function is defined by the empirical
Kohlrausch-Williams-Watts (KWW) relationship [20]

o) = 0<p<1 (5)

where 7 is the characteristic relaxation time and g is the Kohlrausch
parameter, which represents the deviation from a Debye-type
relaxation (8=1) and it decreases with the increasing of the relax-
ation time distribution.

The value of the parameter g is calculated by extracting FWHM
of the modulus peaks using 8=1.14/FWHM. It has been found that
the values of 8 for BST50, BST30 and BST20 films are 0.26, 0.87
and 0.95, respectively. This indicates that the relaxation process
for all the tested samples is of a non-Debye-type. Furthermore, the
smaller the value of B, the greater the deviation with respect to
Debye-type relaxation [19]. However, the low frequency peak in
BST30 andBST20 films is considered to be a non-Debye-peak as
well since it is too broad.

The study of frequency dependent conductivity is a well-
established method for characterizing the hopping dynamics of the
charge carrier/ions. Fig. 9 shows a typical frequency dependence
of AC conductivity o for various Ba:Sr ratio films. The frequency
dependence of AC conductivity is usually characterized by a power
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Fig.9. AC conductivity o(f) as a function of frequency for various Ba:Sr ratio at room
temperature.

law as given below [21-24].
oac =Xf* (6)

where Xis a temperature-dependent constant and s is the frequency
exponent, which can be determined from the measured results.

It is observed from Fig. 9 that all BST results show two thresh-
old frequencies, f; and f5, separating the entire variation into three
regions: (i) Low frequencies region, f<f1, in which the conductivity
is almost frequency independent, called opc. (ii) Moderate frequen-
ciesregion, f1 <f<f,, where the conductivity increases linearly with
the frequency. The values of s are obtained by fitting o versus f
plots in this region, which are found to be located between 0.37 and
0.51,i.e.0<s<1.Thisreveals that the conduction mechanism in this
region corresponds to the translational hopping motion [23,24]. (iii)
High frequencies region, f> f,, where the conductivity increases lin-
early with the frequency. In this region s values vary between 1.38
and 1.77, i.e. 1<s<2. Which reveals that the conduction mecha-
nism in this range of frequencies corresponds to the well-localized
hopping and/or reorientational motion [23,24].

At low and intermediate frequencies, Fig. 9 shows that the con-
ductivity increases as Ba content increases; this is attributed to the
grain sizes effect. It is mentioned earlier from previous work that
the films with less Ba content have smaller grains, which lead to
larger grain boundary areas. This in turn gives rise to higher den-
sity of the charges accumulated at the interfaces. These charges
act to block any mobility for the free carrier, thus, the conductiv-
ity of the film decreases as a result. These results agree very well
with the impedance results in Figs. 2 and 3. On the other hand, it
is observed that at high frequencies, the conductivity of BST50 film
shows higher values compared to that of BST30 and BST20 films.
This phenomenon can be explained considering the dipole elonga-
tion responding to the applied electric field. It is discussed earlier
in XRD subsection that BST30 and BST20 films are crystallized in a
tetragonal phase which leads that their lattice contains a valuable
number of permanent diploes whereas BST50 lacks to this kind of
dipoles since it is crystallize with a cubic phase. Furthermore, as an
AC electric field is applied at BST lattice, it creates a new dipoles,
reorients the permanent dipoles to the direction of the applied filed
and causes an induced shift to the Ti ions for the dipoles that are
already have the same orientation of the applied field in case of
BST30 and BST20 films, which in turn increases their length. How-
ever, as the frequency increases, the longer dipoles find it harder to
follow the applied field, as a result, lower conductivity is obtained.
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4. Conclusion

Perovskite-type Ba;_,SrxTiOsthin films with different x val-
ues have been fabricated as MFM configurations using a sol-gel
method. In order to correlate the effect of the chemical compo-
sition of the films with the conduction mechanism, different AC
electrical parameters have been addressed. The results show that
the impedance and dielectric constants decrease as the Ba content
in the film increases, whereas the conductivity shows the opposite,
which is attributed to the grain size and dipole dynamics. Z* and M*
planes show three overlapping regions as responses for the bulk,
the grain boundary and the film/electrode interface mechanisms,
and an equivalent circuit has been proposed for each mechanism.
M" versus frequency plots reveal relaxation peaks that are not
observed in the ¢” plots, and it is found that these peaks are of a non-
Debye-type. The frequency dependent conductivity plot shows
three regions of conduction processes, i.e., a low-frequency region
due to DC conduction, a mid-frequency region due to translational
hopping motions and a high-frequency region due to localized hop-
ping and/or reorientational motion.
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